Abstract: Superparamagnetic iron oxide nanoparticles can be used for numerous applications such as MRI contrast enhancement, hyperthermia, detoxification of biological fluids, drug delivery, or cell separation. In this work, we will summarize the chemical routes for synthesis of iron oxide nanoparticles, the fluid stabilization, and the surface modification of superparamagnetic iron oxide nanoparticles. Some examples of the numerous applications of these particles in the biomedical field mainly as MRI negative contrast agents for tissue-specific imaging, cellular labeling, and molecular imaging will be given.
INTRODUCTION
The synthesis of superparamagnetic iron oxide nanoparticles has been intensively developed for many applications like: targeted drug and gene delivery [1, 2] , contrast agents for use in magnetic resonance imaging (MRI), hyperthermia, detoxification of biological fluids, drug delivery, or cell separation [3] [4] [5] [6] [7] [8] [9] [10] [11] . All these biomedical applications require that the nanoparticles have high magnetization values, a size smaller than 100 nm, and a narrow particle size distribution. A number of approaches have been described to produce magnetic nanoparticles, including mechanical attrition (grinding fracture of large materials to form nanosize compounds), physical vapor deposition (assemblage of individual atoms to form nanosystems), and solution chemistry [12] [13] [14] [15] . This last kind of technique gives the best results with control of the particle's size and size distribution. In this work, we will summarize the chemical routes for synthesis of iron oxide nanoparticles, the fluid stabilization, and the surface modification of these superparamagnetic nanoparticles. Some examples of the numerous applications of these particles, mainly as negative contrast agents, in biomedical research fields such as tissue-specific MRI, cellular MRI, and molecular MRI, will be given [5, [16] [17] [18] .
SYNTHESIS OF MAGNETIC NANOPARTICLES

Classic Synthesis by Precipitation
Magnetite is synthesized by two fundamental processes: size reduction [19] and aqueous precipitation. The major advantage of precipitation reactions is that large amounts of nanoparticles can be obtained, however it is difficult to control the size because only kinetic factors are available to control growth. The first controlled preparation of superparamagnetic iron oxide particles using alkaline precipitation of FeCl 3 and FeCl 2 was performed by Massart [20] (eq. 1). These particles have a large size distribution, but size selection titration can reduce the heterodispersity [21] . 
Magnetite nanoparticles, prepared by coprecipitation of Fe 2+ and Fe 3+ with NH 4 OH, can be stabilized with silica to form well dispersed magnetic silica nanospheres. The size of the particles can be controlled by changing the ratio of SiO 2 to Fe 3 O 4 . Aminosilane has been covalently coupled to the surface of the magnetic silica nanoparticles [22] [23] [24] and activated by glutaraldehyde to graft BSA [25] .
High Temperature Reactions
Hydrothermal reactions are aqueous reactions carried out in high pressure reactors or autoclaves where the pressure can be over 2000 psi and the temperature above 200°C. Hydrophobic magnetite particles with a narrow size distribution have been prepared by thermal decomposition of Fe(CO) 5 in octyl ether solution of oleic acid and by consecutive aeration. These nanoparticles were then converted into magnetite core/silica shell with hydrophilic and processible aminopropyl groups on their surfaces [26] .
Others used a surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT), to prepare ferromagnetic Fe 3 O 4 nanoparticles with a diameter of ~27 nm by a hydrothermal route [27] .
Sun et al. have described a high temperature reaction of iron (III) acetylacetonate with 1,2-hexadecanediol in pres-ence of oleic acid and oleylamine to obtain monodisperse magnetite nanoparticles. The diameter of their hydrophobic particles can be tuned from 4 to 20 nm and can be transformed into hydrophilic ones by adding bipolar surfactant [28] .
Park et al. have reported on a large scale synthesis of monodisperse crystals using inexpensive and non-toxic metal salts as reactants, in a single reaction without a size sorting process. The particle's size is controlled by varying the experimental conditions (reaction time, temperature, etc.) [29] .
Reactions in Steric Environments
The aqueous precipitation of hydrated iron ions in bulk solutions creates sphere-like nanoparticles of various sizes. Several attempts have been reported to form well-defined iron oxide nanoparticles of controlled size using synthetic and biological nanoreactors. The constrained environments include: amphoteric surfactants to create water swollen reversed micellar structures in non-polar solvents [30] [31] [32] [33] , apoferritin protein cages [34, 35] , and phospholipid membranes that form vesicles with iron oxide nanoparticles serving as solid supports [36, 37] .
Surfactant molecules may spontaneously form aggregates with different sizes, micelles (1 to 10 nm), or microemulsions (10 to 100 nm) [38] . In the case of reverse micelles, water can be solubilized "inside" and the system can impose kinetic and thermodynamic constraints on particle formation like a nanoreactor. Water-in-oil microemulsions are created using amphoteric surfactants. In non-polar hydrocarbon solvents, the polar head group self-associates and forms micellar structures. The non-polar tails extend out into the solvent creating a thermodynamically stable dispersion. With the appropriate surfactant chemical composition and concentration, these micellar cores serve as constrained nanoreactor environments for the coprecipitation of aqueous iron salts [39] .
The literature reports the use of sodium bis(2-ethylhexylsulfosuccinate) (AOT) [30, 31, 33] or cetyltrimethylammonium bromide (CTAB) [22] as ionic surfactants. A reverse micelle nanoreactor approach using non-ionic surfactants avoids the complication of the presence of a complexing-functional species and offers great future potential.
Iron oxide can be prepared by the decomposition (by thermolysis or sonolysis) of organometallic precursors. Polymers, organic capping agents, or structural hosts are used to limit the size of the nanoparticle growth [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . For example, iron oleate can be formed from decomposition of iron carbonyl in the presence of octyl ether and oleic acid at 100°C. After cooling to room temperature, (CH 3 ) 3 NO is added and the solution refluxed [52] . Nanostructured particles were also produced by sonochemical treatment of volatile organometallic precursors [53] [54] [55] [56] [57] [58] [59] . Addition of stabilizers or polymers during or postsonication produces metal colloids. Shafi [55] . Oxide formation was also observed when the sonication was performed in aqueous solution and with noncarbonyl precursors [58, 59] .
Sol-Gel Reactions
Sol-gel processing can be used to prepare iron oxide [60, 61] . The principal parameters that influence the kinetics and the growth reactions are: solvent, temperature, precursors, pH and agitation [62] . This method presents some advantages, like (i) the possibility to obtain materials with predetermined structure following experimental conditions, (ii) the achievement of pure amorphous phases, a monodispersity, and a good control of particle size, (iii) the control of the microstructure and the homogeneity of the reaction products, and (iv) the possibility to embed molecules which maintain their stability and properties within the sol-gel matrix.
Raileanu et al. [63] have prepared sol-gel nanocomposite materials (Fe x O y -SiO 2 ) by using alkoxide and aqueous routes. Different precursors of silica (tetramethoxysilane, methyltriethoxysilane, colloidal silica solution, etc.) were used to compare the structure and the properties of obtained nanoparticles. The structural and morphological results obtained by XRD, IR spectroscopy, TEM were correlated with the temperature dependence of the magnetic interactions investigated by Mossbauer spectroscopy.
Polyol Methods
The polyol process is a versatile chemical approach, which refers to the use of polyols (like diethylene glycol, for example) to reduce metal salts to metal particles. The method is a suitable way for preparing particles of a well controlled size [64] . The polyols often serve as high boiling solvents and reducing agents, as well as stabilizers to control the particle's growth and to prevent interparticle aggregation. Recently, Cai and Wan have developed an easy method to directly produce non-aggregated magnetite nanoparticles in liquid polyols [65] .
Electrochemical Methods
Based on an electrochemical method previously described [66] , Pascal et al. [67] have prepared 3-8 nm maghemite from an iron electrode immersed in an aqueous DMF solution in the presence of cationic surfactants. Adjustment of the current density allowed controlling the particle size. Electrochemical deposition under oxidizing conditions has also been used to prepare maghemite (Fe 2 O 3 ) or magnetite (Fe 3 O 4 ) [68] .
Pyrolysis
Laser pyrolysis as a tool for the gas-phase synthesis of nanoparticles was recently illustrated by the preparation of iron-based nanostructures, where sensitized iron pentacarbonyl-based mixtures and ethylene as energy transfer agent were employed [69] .
The product characteristics is related to the principal process conditions. Iron-carbon core-shell nanoparticles with a low mean size (about 4-5 nm) and modified morphologies were obtained by an increase of ethylene flow. In the case of -iron oxide nanopowder synthesis, low carbon contamination by ethylene depletion at increased system pressure was observed.
Sonolysis
The sonolysis of an aqueous solution of Fe(CO) 5 in the presence of sodium dodecyl sulfate has led to the formation of a stable hydrosol of amorphous Fe 3 O 4 nanoparticles [70] . The amorphicity of iron oxide nanoparticles has been determined by X-ray diffraction and differential scanning calorimetry.
Superparamagnetic iron oxide nanoparticles (SPIO) with high magnetization and crystallinity have been synthesized by using a sonochemical method [71] . Ferrofluids from these nanoparticles coated with oleic acid as a surfactant were prepared. The coated SPIO could be easily dispersed in chitosan. They had a good stability and their hydrodynamic diameter was estimated to be 65 nm.
STABILIZATION OF MAGNETIC PARTICLES
The stabilization of the iron oxide particles is crucial for obtaining magnetic colloidal ferrofluids stable against aggregation in a magnetic field. The chemical surface properties of magnetic nanoparticles are very important for stability and vectorization. The surface iron act as Lewis acids and coordinate with molecules that donate lone pair electrons. So, in aqueous solution, the Fe atoms coordinate with water, which dissociates readily to leave the iron oxide surface hydroxyl functionalized. These hydroxyl groups are amphoteric and may react with acids or bases [72] . The isoelectric point is pH 6.8. Stabilization of magnetic particles can be achieved by electrostatic layer, steric repulsion, or by modifying the isoelectric point with a citrate or silica coating [73] (Fig. (1) ).
Several approaches have been developed to coat iron oxide nanoparticles, including in situ coatings and post synthesis coatings. In the first approach, nanoparticles are coated during the synthesis; for example, Josephson et al. have developed a coprecipitation process in the presence of dextran [74] .
The post-synthesis coating methods can use a variety of materials (polymers, phospholipids, silica derivatives, etc.).
Monomeric Stabilizers
Ionic surfactants prevent agglomeration due to attractive forces by creating repulsive forces originating from the proximity of like charged particles approaching one other. Functional groups like phosphates, sulfates, and carboxylates [75] are known to bind to the surface of magnetite.
The electrostatic repulsion is based on a charge balance of the surface atoms of the iron oxide and an ionic stabilizer. The surface electric charge attracts ions of opposite charge and creates an electric double layer. At pH values above the isoelectric point, the surface is negatively charged and ions of tetramethylammonium hydroxyde (TMAOH) stabilize magnetite. When the solution is at a pH below the isoelectric point, the particles can be stabilized with anions such as the ClO 4 -ion of perchloric acid. Lauric acid has been used to stabilize magnetite in chloroform. Gluconic acid may allow biological molecules to couple to iron oxide nanoparticles [76] . Liu and Huang showed that the presence of citric acid during iron oxide synthesis [80] try. Other studies on the influence of the carboxylate ions show similar results [81] [82] [83] .
The steric stabilization of the magnetite surface can be tailored for dispersibility into aqueous media using amphiphilic surfactants. Phosphate containing surfactants for non-polar ferrofluid dispersions include: alkyl phosphonates/phosphates such as dodecylphosphonic acid (DDP), hexadecylphosphonic acid (HDP), and dihexadecyl phosphate (DHDP) [84] . Oleic acid is used as a steric stabilizer for iron oxide particle dispersions in hydrocarbon solvents [85] [86] [87] . One method is to form iron oxides by aqueous coprecipitation of the iron salts in the presence of oleic acid (C18) dissolved in a non-polar solvent. The adsorption occurs via interface mechanisms and extracts the particles into the non-polar carrier fluid. The transfer of iron oxide into the oil phase is achieved by modifying the high-energy hydrophilic surface to a lower energy hydrophobic surface. However, oleic acid cannot form stable dispersions in water. Khalafalla et al. reported that fatty acids with C10 to C15 are capable of making stable water-based dispersions [88] .
Shimoiizaka et al. first described the use of fatty acids to create iron oxide nanoparticles dispersible in water via the formation of a bilayer surfactant system [89] . The process involves the formation of magnetite in the presence of a fatty acid such as oleic acid, which extracts magnetite into a nonpolar carrier fluid. Then, the carrier fluid is removed and another amphiphilic surfactant (a fatty acid) is added and the mixture is redispersed in water [90] . The combination of surfactants varies: oleic acid with polyethyleneoxyphenyl ether or sodium dodecylbenzyl sulphonate [91] , mixture of unsaturated and saturated fatty acids or saturated fatty acids for both layers [92] .
Silica Coating of Iron Oxide Nanoparticles
A silica layer on the surface of iron oxide nanoparticles may be useful to: (i) create a functional surface to tailor dispersibility of the nanoparticles, (ii) form a layer to control electron tunneling between particles, which may be important in charge transport or magnetooptics, and (iii) provide better protection against toxicity.
Silica colloids embedded with superparamagnetic iron oxide nanoparticles have been synthesized by combining commercial ferrofluids with the Stöber process [93] . Organophilic iron oxide nanoparticles were extracted from a ferrofluid and redispersed in toluene. The suspension was then added to an alcoholic medium to produce emulsion drops consisting of aggregates of iron oxide nanoparticles and toluene. Tetraethylorthosilicate introduced into the system formed silica coating around each emulsion drop. The final size of silica colloids depended on the concentration of iron oxide nanoparticles and the type of solvent used for the Stöber synthesis. Larger colloids were obtained at lower concentrations of iron oxide nanoparticles and in alcohols with higher molecular weights.
Polymeric Stabilizers
Groman et al. suggested the use of dextran (Mw= 10000-15000 g/mol) as a surfactant during the formation of iron oxide particles [94] . Pardoe et al. offered detailed magnetic and structural properties of iron oxide formed in the presence of dextran (40000 g/mol) [95] . Molday and Mackenzie also reported the formation of magnetite in the presence of dextran 40000 [96] . The dextran was functionalized after iron oxide stabilization by oxidation with periodate and reaction of the amino groups of proteins.
Iron oxide particles formed in the presence of aqueous polyvinyl alcohol (PVA, 30-40 kg/mol) have been found to create necklace-like chains of ~ 100 nm with Fe content of 7.7 wt % [97] . In this study, superparamagnetic nanosized magnetite particles were prepared by controlled coprecipitation of Fe 2+ and Fe 3+ in the presence of highly hydrophilic poly(vinylalcohol phosphate)(PVAP) and the impact of polymer concentration on particle size, size distribution, colloidal stability, and magnetic property was studied. The aqueous suspension of magnetite, prepared using 1% PVAP solution, was found to be stable for four weeks at pH 5-8. Xray diffractograms showed the formation of nanocrystalline inverse spinel phase magnetite. Transmission Electron Microscopy showed that cubic magnetite particles of about 5.8 nm size were well dispersed. Dynamic Light Scattering measurement showed a narrow distribution of the hydrodynamic size of particle aggregates. Infrared spectra of samples showed a strong Fe--O--P bond on the oxide surface. UVvisible studies showed that the aqueous dispersion of magnetite formed by using 1% PVAP solution was stable at least for four weeks without any deterioration of particle size. Magnetization measurements at room temperature confirmed the superparamagnetic nature of polymer coated magnetite nanoparticles [97] .
Other polymers have been used, like polymethacrylic acid [98] , poly(ethyleneoxide)-b-poly(methacrylic acid) [99] , and poly(ethylene oxide) [100] . One example is the preparation of iron oxide nanoparticles stabilized with Brij ® (polyoxyethylene (10) oleyl ether, C 18 H 35 (OCH 2 CH 2 ) n OH) for MR contrast agents [101] . Magnetite particles have been synthesized also in the presence of 50 wt% dicarboxypolyethylene glycol (DCPEG, ~2000 g/mol) in water and then the DCPEG coated magnetite bound to lipase using a water soluble carbodiimide [102] .
Another approach is to use surface initiated polymerization to grow polymer chains on the surface of iron oxide particles. ATRP (atom transfer radical polymerization) has become a method of choice for this procedure: free radical initiators are first immobilized onto the surfaces of iron oxide core followed by polymer growth outwards to a radius structure [103] . ATRP offers several advantages over other polymerization methods, such as control of molecular weight and molecular weight distribution [104] .
METHODS FOR VECTORIZATION OF THE PARTICLES
For biological applications, like molecular imaging, nanoparticles must be highly stable in aqueous ionic solutions at physiological pH and vectorized. Several covalent conjugation strategies using amine, carboxyl, aldehyde, or thiol groups exposed on the surface of nanoparticles have been developed [105] .
Vectors grafted on the particles' surface must be able to recognize the target cells or tissues. Particles must be non-toxic and should remain in the circulation for a time long enough to reach their target.
An oxidative conjugation strategy has been used in previous studies: it produces aldehydes on the dextran coating of the iron oxides [106] , but a substantial loss of the biological activity of the protein has been observed. To minimize this effect, Hogemann et al. have linked the protein and the iron oxide particle via a linker molecule. Their results suggest that the oxidative conjugation chemistry significantly interferes with the binding of the conjugates of the receptor. Current efforts are devoted in the direction of non-oxidative strategies. The target molecules are covalently linked through a 2 or 3 step-reaction sequence (Fig. (2) ): epichlorhydrin is first coupled to the hydroxyl groups of the dextran coating of the Fe 3 O 4 crystals to give a terminal halogen derivative that can be used to link any molecule containing an amine function (peptide, protein, antibodies or ammonia). The first step, consisting in the reaction of dextran with epichlorhydrin, has been described by Josephson et al. [107] . Folate, for instance, can be attached to the surface of an aminated nanoparticle through the reaction between activated NHS-folate ester and the amino groups.
The grafting of vector molecules on the particles can also be achieved with 2,3-dimercaptosuccinic acid (DMSA) and N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) [108, 109] . In this case, the nanoparticular system is constituted by two subunits: the particle coated with the chelating agent DMSA and the ligand linked to SPDP through a peptide bond. These subunits are joined by an S-S bridge between DMSA and SPDP (Fig. (3) ).
S S CH 2 CH 2 CONH part ligand Recently, magnetite nanoparticles coated with an aminosilane coupling agent, SG-Si900 were covalently linked using glutaraldehyde as cross-linker [110] . Alternatively, vectors with carboxylic functions can be directly grafted on the silica coated particles using EDC to activate the carboxyl groups.
The silane coupling materials (like 3-aminopropyltrimethoxysilane or p-aminophenyl trimethoxysilane) [111] are able to adsorptively or covalently bind to the metal oxide and to form covalent bonds with biomolecules. The mechanism of the silane coupling agents' reaction according to Arkles [112] is given in Fig. (4) . OH O Si R + (CH 3 O) 3 SiR Fig. (4) . Chemical reaction of silane coupling agents on magnetic particles.
Surface chemistry involving reactions with alkyltrialkoxysilane or trichloroalkylsilane compounds [113, 114] Fig. (2) . Synthesis of grafted particles via epichlorhydrin.
iron oxide nanoparticles [116] . Previous studies based on thermogravimetric and chemical analysis were used to evaluate surface modification [117] [118] [119] .
STRUCTURAL CHARACTERIZATION
The magnetic properties of nanoparticles depend on their physical structure: their size, their shape, their microstructure, and the chemical phase or phases present. Several techniques can be used to determine the size and the chemical composition of the nanosystems. The size of the particles can be determined by transmission electron microscopy (TEM) images [120] . This technique reports the total particle size and provides details of the size distribution. Aggregates of smaller particles can be discerned.
X-ray diffraction (XRD) can be performed to obtain the crystalline structure of the particles. In a diffraction pattern, the proportion of iron oxide formed in a mixture can be quantified by comparing the intensities of an experimental peak and a reference peak. The crystal's size can be calculated also from the line broadening in the XRD pattern using the Scherrer formula [121] . Extended X-ray absorption fine structure (EXAFS) gives information on particle size, especially for small sizes [122] .
Mossbauer spectroscopy is an alternative technique for assessing crystal composition. This method gives information about the order of magnitude of the Néel relaxation time, an important characteristic of superparamagnetic particles [123] .
Three analytical techniques have been regularly used to characterize iron oxide superparamagnetic nanoparticles: photon correlation spectroscopy (PCS), magnetometry, and relaxivity profiles (NMRD curves) recorded over a wide range of magnetic fields. PCS measurements give a mean value of the hydrodynamic diameter of the particles [124] . Magnetometry confirms the superparamagnetic property of the particle and provides information on the specific magnetization and the mean diameter of the crystals. The fitting of the NMRD curves according to the theories [125] gives the mean crystal size, the specific magnetization, and the Néel relaxation time [126, 127] .
Relaxivity and NMRD Profiles
The nuclear magnetic relaxation properties of a compound are ideally obtained by the study of its NMRD (nuclear magnetic resonance dispersion) profile, which gives the evolution of the relaxivity with respect to the external magnetic field. The relaxivity is defined as the increase of the relaxation rate of the protons of the solvent (water) induced by one millimole per liter of the active ion. For example, in the case of magnetite, the relaxivity is the relaxation rate enhancement observed for an aqueous solution containing one millimole of iron per liter.
where: R i(obs) and 1/T i(obs) are the global relaxation rates of the aqueous system (s -1 ); T i(diam) is the relaxation time of the system before addition of the contrast agent, C is the concentration of the paramagnetic center (mmol L
The superparamagnetic relaxation mechanism is built upon the original theory developed for paramagnetic systems. There are two contributions to proton relaxation: the innersphere and outersphere relaxations. Innersphere relaxation deals with the direct exchange of energy between protons and electrons located in the first hydration sphere of the paramagnetic ion and is dominated by dipolar and scalar coupling of the spins [128, 129] . Outersphere relaxation arises due to the movement of the water protons near the local magnetic field gradients generated by the paramagnetic ion. The interaction between proton spins and the magnetic moment is also a dipolar interaction [130] .
Base of the Relaxation Theory of Superparamagnetic Colloids
The proton relaxation in superparamagnetic colloids occurs because of the fluctuations of the dipolar magnetic coupling between the nanocrystal magnetization and the proton spin. The relaxation is described by an outersphere model where the dipolar interaction fluctuates because of both the translational diffusion process and the Néel relaxation process.
This intramolecular mechanism is modulated by the translational correlation time ( D ) that takes into account the relative diffusion constant (D) between the paramagnetic center and the solvent molecule, as well as their distance of closest approach (d). The outersphere model has been described by Freed [130] .
At high magnetic high fields, the outersphere contribution is given by:
where d is the distance of closest approach; D is the relative molecular diffusion constant; [C] is the molar concentration of the paramagnetic ion, and D = d 2 /D is the translational correlation time and S1 is the electronic relaxation time.
The NMRD profiles (Fig. (5) ) describe relaxation as a function of frequency and allow determining the correlation times that modulate the relaxation.
APPLICATIONS
Internalization of magnetic contrast agents is a way to label cells and to distinguish them from the surrounding tissues in magnetic resonance imaging (MRI). Thanks to their high efficacy as MRI contrast agents, superparamagnetic nanoparticles are well suited for this purpose. As mentioned earlier, they are made of an iron oxide core (one or several magnetite and/or maghemite crystals) surrounded by a stabilizing coating that can either be polymeric (polysaccharide or synthetic), or monomeric. Due to their capacity to shorten the T 2 /T 2 * relaxation time of the nuclei located in their neighborhood, they induce a signal darkening on the MR images [3] . Several categories of iron oxide particles, based on their overall (hydrodynamic) diameter, are reported in the biomedical literature: the ultrasmall particles of iron oxide (USPIO, below 50 nm), the small particles of iron oxide (SPIO, 60-180 nm), and the micron-sized particles of iron oxide (MPIO, 0.76-5.80 m) [5, 18, 131] . Subsets of USPIO are also named: the very small iron oxide particles (VSOP, 7-9 nm) and the monocrystalline iron oxide nanoparticles (MION,~10-30 nm) [5, 18, [131] [132] [133] [134] . The ultrasmall particles (USPIO) have a T 1 shortening power that allows them to be sometimes used as positive contrast agents [131] . It is worth noting that iron is a biocompatible ion recycled in the hemoglobin pool [18, 135] .
Tissue Labeling with Iron Oxide Particles
The in vivo behavior of iron oxide nanoparticles is related to their binding to plasma proteins (opsonization) when injected in the circulation. This process helps to their recognition as phagocytic targets by monocytes and macrophages, mediated by specialized cell surface receptors, and to their subsequent uptake by these phagocytic cells. Opsonization is known to depend on the size, the surface charge density, and the hydrophilic/hydrophobic balance of the circulating particle; with the main observation that the smaller the size, the lower the electric charge, and the more hydrophilic the surface, the longer the particle remains in the blood [136] .
Several types of superparamagnetic nanoparticles accumulate in the liver when intravenously injected. Kupffer cells (liver resident macrophages) within minutes. Some of these SPIO are in clinical trials or already approved for the detection of liver metastases in patients. Since they are not retained in metastases and in hepatocytes, the darkening of liver signal on T 2 -weighted MR images will be observed only in healthy parts of the organ. SPIO sequestration also occurs in spleen and bone marrow macrophages, allowing detection of lesions in these areas as in the liver [5, 18, 131, 133, 137] . Sinerem ® (Guerbet) also known as Combidex ® (Advanced Magnetics Inc, Cambridge, Massachusetts, USA) is a dextran-stabilized USPIO. Due to their relatively small hydrodynamic diameter (20-50 nm), USPIO have a stronger T 1 relaxation as compared to SPIO, and are less likely to be captured by macrophages. As they circulate longer, they can be used as blood pool agents for T 1 -weighted magnetic resonance angiography during the early phase of intravenous administration. In the later phase, USPIO accumulate in liver and spleen, but also become potent contrast agents for lymphography. Indeed, their small size enables them to reach the lymphatic system by extravasating from the blood vessels to the interstitial space. USPIO thus accumulate in lymph nodes (also via macrophages endocyting the nanoparticles and reaching the nodes). This distribution will be disturbed by the presence of nodal metastases, making it possible to detect with MRI the metastatic involvement of lymph nodes [5, 18, 131, 133, 136] . The biodegradation of (carboxy)dextran-coated iron oxide nanoparticles occurs in lysosomes where they accumulate subsequently to their macrophage uptake.
Several preclinical studies about toxicity, safety, biocompatibility, biodistribution, clearance and pharmacokinetics of such nanoparticular iron oxide contrast agents have been reported [138] [139] [140] [141] .
Cellular and Molecular Labeling with Iron Oxide Particles
Cellular magnetic labeling implies that cells internalize the contrast agent and become detectable by MRI. This can be accomplished in vitro or in vivo through non-specific cellular endocytosis or through pathways involving a given cell surface receptor. This latter method can thus give more specific cellular MRI results. However, iron oxide nanoparticles targeted to a cell surface molecule can also remain bound to their target, being useful as molecular MRI probes. In a majority of reported cases, iron oxide particles used as intracellular magnetic tags were well tolerated by cells and were not deleterious for cell viability [5, 131, 133, 142] .
Intracellular Trapping of Iron Oxide Nanoparticles through Non-Specific Internalization Pathways
A non-specific magnetic labeling means that the loading of cells with iron oxide nanoparticles occurs passively, via mechanisms of endocytosis that are mainly not receptordependent, such as fluid-phase endocytosis. Nowadays, the goal to achieve in many studies is the non-invasive in vivo MRI monitoring of cells that are potentially useful for cell therapy. In this context, cells of interest have to be magnetically labeled in culture prior to their in vivo implantation, often with iron oxide nanoparticles, and, for many of them, without having a professional phagocytic function. Undifferentiated (stem) or less differentiated (progenitor) cells that could differentiate to replace dead cells in a damaged organ and even, in some cases, migrate to the injured area have been transplanted in several animal models of diseases [5, 131, 133] : central nervous system (spinal cord injury and cerebral stroke) [143] , heart (myocardial infarction) [144, 145] , kidneys (nephropathy, ischemia/reperfusion) [146] , and liver (CCl 4 -induced centrolobular liver necrosis) [147] .
In the field of cell-based anti-cancer therapies, the tumoral targeting of adequately antigen-sensitized iron oxide nanoparticle-labeled lymphocytes (e.g. splenocytes, T-cells) [148, 149] and the tumoral tropism of mesenchymal stem cells [150] could also be monitored by MRI. In vitro prelabeled endothelial progenitor cell incorporation in the neovessels of implanted tumors has been MR imaged [133] . In the current cellular MRI field, an in vitro iron oxide prelabeling of true phagocytic cells is not very frequent: in immune cell-based cancer therapies, monocytes/macro-phages have been used for tumor targeting in an animal model of glioma or for infarcted heart repairing improvement [151] , and dendritic cells have been monitored after intra-nodal implantation in melanoma patients [133] . The behavior of cultured non-phagocytic cells regarding iron oxide nanoparticles is an important aspect to study and understand. For example, several effects induced on fibroblasts by homemade USPIO used as intracellular magnetic tags of these cells have been reported [152] . Fibroblasts appeared to largely internalize dextran-coated nanoparticles. Cell morphology modifications (disrupted membrane areas) due to rearrangement of cytoskeletal elements, and an increase of clathrin levels at the cell peripheries suggested a fluid-phase endocytosis of the nanoparticles [153] .
Commercially available SPIO are often used to label cells: rat bone marrow mesenchymal cells, mouse embryonic stem cells, and hematopoietic progenitor cells have been incubated with SPIO coated by neutral dextran (i.e., Endorem ® or Feridex ® ) [143] , and human mesenchymal stem cells have been labeled with ionic carboxydextran-coated SPIO (Resovist ® ) [153] . Indeed, it has been shown that, as for phagocytic cells (i.e., monocytes or macrophages) [154] , SPIO are accumulated more efficiently than USPIO by cells having no professional phagocytic function [155] . Furthermore, the presence of charged molecules at the nanoparticle surface has been found to improve the intracellular magnetic labeling of many cell types. In several studies, the cellular uptake of ferumoxides was optimized by mixing the superparamagnetic contrast agent with a cationic transfection agent, which usually helps to deliver DNA into cells. Positively charged complexes formed by ferumoxides and poly-L-lysine (PLL), protamine sulfate or Superfect™ adsorb on the negatively charged cell surface, which facilitates their encapsulation in endosomes [5, 131, 133] . The same approach has been developed with cationic transfection liposomes (such as Lipofectamine™ or FuGENE™), which were mixed with several types of SPIO or USPIO to improve the cellular magnetic labeling with these nanoparticles [5, 131, 133, 155] . Magnetoelectroporation has allowed achieving an instant cellular magnetic labeling with ferumoxides [133] . Arginine-containing peptides have "cell penetration" properties and help to deliver biological molecules into cells [156] . A well known example is the highly cationic peptide derived from the basic (arginine-rich) domain of the transactivator of transcription (Tat) protein of the human immunodeficiency virus (HIV) [133] . Superparamagnetic contrast agents have been linked to this Tat peptide to facilitate their cellular uptake [5, 18, 133] . Tat-conjugated cross-linked iron oxides (CLIO-Tat) allowed achieving a six-fold higher iron loading of human neural stem cells than CLIO-NH 2 particles, which were more efficient than Feridex ® , the weakest being MION. With PLL, the three latter were found to have similar tagging properties as CLIO-Tat [157] . Iron oxide nanoparticles with a carboxylated, thus anionic, coating also have allowed a more efficient magnetic labeling of cultured nonphagocytic cells than nanoparticles coated by a neutral polymer, although the uptake mechanisms remain unknown or hypothetical [5, 131, 158, 159] (Fig. (6) ). It is interesting to note that similar observations were reported with monocytes [160] . In cell therapy experiments aiming at curing Type 1 diabetes, magnetically labeled pancreatic islets [161, 162] were subsequently transplanted in the liver of diabetic rats or mice through injection in the portal vein and visualized by MRI. The achievement of a sufficient contrast requires the endocytosis of millions of SPIO or USPIO, and cell division can dilute the label beyond the detection threshold. As compared to nanometer-sized particles, some advantages have been found in the use of micron-sized particles of iron oxide (MPIO) to label cells. The possibility to MR image labeled cells by detecting single fluid-phase endocytosed MPIOs indeed overcame the problems related to the dilution of the magnetic label induced by the cell divisions. Furthermore, MPIO, such as those from Bangs Laboratories (Fishers, Indiana, USA), coated with an inert polymer (styrene/divinyl benzene) cannot be degraded within the cell, which is not the case with dextran [131] . The in vivo detectability of transplanted MPIO-labeled mouse hepatocytes as single cells has also been reported [163] .
Iron oxide nanoparticles used as intracellular (endosomal) magnetic tags are not toxic since no significant decrease of cell viability is reported in a majority of cases, even at long term [5, 18, 131, 133] . Nevertheless, several observations tend to suggest a deleterious effect of high intracellular iron levels, especially when this excess iron is in ferrous state and free to enter reactions generating free radicals, such as the Fenton reaction producing hydroxyl radicals that can react with cellular components and cause lethal oxidative damage. A Feridex ® -PLL labeling of MSCs (mesenchymal stem cells) allowed reaching an iron content of 550 pg/cell, but the percentage of dead cells after incubation was 43%, which was significantly higher than for the unlabeled control cells (±15%). MSCs containing approximately 50 pg of iron/cell had a normal viability [164] . In a report studying the Feridex ® -labeling of rabbit myoblasts, it was found that these SPIO were significantly less harmful for the cells when mixed with cationic liposomes, although at similar intracellular iron concentrations. No generation of free radicals occurred with the SPIO-liposome complex, which was also not easily biodegraded [5, 131, 165] . The risk of oxidative stress due to a possible release of iron in the cytoplasm after lysosomal dissolution of iron oxide nanoparticles is thus to be considered at high intracellular loading. The looseness or stability of the molecules coating the iron oxide crystals of-ten by adsorption can also be important in the context of (U)SPIO intracellular labeling [134] . Cells also react at the level of their iron metabolism and storage. After labeling with SPIO-protamine sulfate complexes, non-phagocytic cells have been found to decrease their transferrin receptor levels (involved in iron uptake) during the first week postincubation and increase their ferritin (involved in iron storage) expression until at least one month post-labeling in the case of MSCs, which also kept comparable iron contents for this period as slowly dividing cells [133, 166] . It has to be noted that specialized cells (e.g., macrophages) handle large intracellular iron concentrations differently to the usually studied non-phagocytic cells of interest (e.g., because of their higher level of antioxidative molecules or their ability to excrete excess iron) [134, 165] . From the oxidative stress viewpoint, MPIO have been presented as less risky thanks to their inertness to cell polymer coating, however raising the question of how these particles can be cleared from cells [131, 133] .
A direct in vivo non-specific labeling of cells with iron oxide particles requires a sufficient cellular uptake of the MRI contrast agent, provided by the blood circulation after intravenous administration or injected in situ. As inflammatory diseases are associated to a monocyte/macrophage activity, the same macrophage targeting approach as that allowing MRI lymphography with USPIO or liver tumor characterization with SPIO has been further developed to visualize inflammatory lesions in living organisms including humans. Following intravenous injection of iron oxide particles (mainly USPIO [5, 18, 131, [167] [168] [169] [170] [171] [172] [173] but also SPIO [5, 131, 174, 175] and MPIO [133, 176] ), macrophage infiltration during inflammatory events can be visualized by MRI (e.g. in multiple sclerosis [5, 18, 131, 166, 169, 171] , arthritis [5, 131, 170] , cerebral stroke [5, 18, 131, 168, 169, 171, 175] , graft rejection [5, 18, 131, 133, 174, 176] , nephropathies [5, 131] , atherosclerotic plaques [5, 18, 131, 169] and tumors [18, 143, 169, [171] [172] [173] ). It has to be noted that macrophage labeling with iron oxide nanoparticles depends on cell surface receptors. In vitro studies indeed have reported a role of the scavenger receptor A in the uptake of dextran-coated SPIO by mouse peritoneal macrophages [154] . The USPIO labeling of monocytes has been found to be mediated by the Mac-1 integrin, independently of the nanoparticle surface coating, but dependently of the activation status of the integrin, which is in a high-affinity state on activated monocytes [177] .
The passive targeting of tumors by long circulating MION and USPIO occurs via extravasation of the nanoparticles through the leaky tumoral capillaries, as observed in animal models. Their interstitial accumulation thus allows cellular magnetic labeling, mainly at the tumor margin. Tumor-associated macrophages, reactive astrocytes, neuroglial fibrous scar (in brain tumor models), and even sometimes tumor cells themselves have been reported to uptake the nanoparticles [18, 172, 173] . Magnetic labeling of tumorassociated cells (macrophages, fibroblasts, endothelial cells) has been achieved also by magnetically targeting liposomes loaded with iron oxide nanoparticles to tumors implanted in mice. A preferential accumulation of these polyethyleneglycol-coated long-circulating magnetoliposomes (200 nm in diameter) has been induced by placing a magnet to the skin above the tumor during the circulation of the intravenously injected iron oxides. Magnetoliposomes have been magnetically driven to the tumor more efficiently than nonencapsulated USPIO. As for these latter, the mechanism of tumoral accumulation of magnetoliposomes is diffusion to the interstitium, through the leaky vasculature in the most highly vascularized zone. An in vivo magnetic labeling of non-phagocytic cells has been achieved after in situ injection of iron oxide particles [178] .
Neural progenitor cells of the subventricular zone of the rodent brain have been magnetically labeled thanks to an uptake of MPIO injected into the anterior right lateral ventricle. Their migration towards the olfactory bulb was monitored by MRI [179] . MION have been conjugated to the lectin wheat germ agglutinin, so that they could be transported via slow axonal transport by the guinea pig facial nerve, or the rat sciatic nerve, after direct injection into these peripheral nerves [180, 181] . A non-specific uptake of dextran-coated MION in neurons after delivery of the nanoparticles in the rat brain has also been reported [182] .
Intracellular Trapping of Iron Oxide Nanoparticles through Interaction with a Cell Surface Receptor
The targeting of cell surface molecules with adequately modified iron oxide particles has allowed cellular delivery of the magnetic tag and MR imaging of specific cell types [5, 18, 131, 133] . Cells overexpressing the transferrin receptor or the folate receptor have been loaded with particles conjugated to the respective ligands of these molecules [5, 18, 131, 133, 183, 184] . Since the overexpressed transferrin and folate receptors are characteristic of several cancer cell types, they have been targeted with iron oxide nanoparticles for MR imaging of tumors [183] or with the aim of finding a tumor cell-specific mediator of intracellular magnetic hyperthermia (nanoparticles heating under the influence of an alternating magnetic field) [184] .
Non-invasive lymphocyte imaging has been attempted. T-cells infiltrating the brain of mice infected with Theiler's encephalomyelitis virus and of mice with autoimmune encephalomyelitis have been labeled in vivo with intravenously injected iron oxide nanoparticles conjugated to antibodies directed against CD8 and CD4 antigens [185] . During Type 1 diabetes progression, CD8 + T-cells invading the pancreas and destroying the pancreatic islets of non-obese diabetic mice have been specifically targeted with iron oxide nanoparticles. The magnetic tags bore a mimotope of the islet surface molecule recognized by the main histocompatibility complex of the autoreactive lymphocytes [186] .
The v 3 integrin is a well-known tumor angiogenesis marker expressed on the surface of endothelial cells in neovessels. This molecule has been successfully targeted on endothelial cell cultures and in angiogenic mouse-implanted tumors, with USPIO conjugated to the Arg-Gly-Asp (RGD) peptide [187] . RGD-conjugated nanoparticles also have been reported to label v 3 -expressing tumor cells in vitro and in vivo [188] .
Tumor cells expressing the membrane-bound matrix metalloproteinase MMP-2 can also be labeled with iron oxide nanoparticles conjugated to a peptide: the 36 amino acid chlorotoxin. This MMP-2 ligand has allowed to target polyethyleneglycol-coated iron oxide nanoparticles to a 9L gliosarcoma cell line in culture or implanted as a xenograft tumor in vivo [189] . It should be reminded that a hydrophilic polymer such as polyethyleneglycol (PEG) helps to reduce the opsonization by plasma proteins and the subsequent macrophage uptake of the nanoparticles, which can thus remain longer in the blood circulation [190] .
Iron oxide nanoparticles have been bound also to hormones (luteinizing hormone releasing hormone (LHRH) and chorionic gonadotropin (betaCG)) in order to label cultured human breast cancer cells. In vivo, implanted breast tumors and their metastases in the lungs have been successfully labeled with LHRH-bound nanoparticles [191] .
The avidin/biotin system has been used also to specifically target cancer cells with iron oxide nanoparticles. A labeling of prostate cancer cells has been achieved using a biotinylated anti-prostate-specific membrane antigen (PSMA) bound to streptavidin-labeled iron oxide nanoparticles [192] .
Targeting phosphatidylserine on the outer leaflet of the membrane of cells undergoing apoptosis is an often used way to MR image the programmed cell death process. Externalization of phosphatidylserine is a feature of lipid-loaded (foamy) macrophages in high grade atherosclerotic lesions. Their staining with annexin V-conjugated iron oxide nanoparticles has allowed an MRI evaluation of vulnerable plaques in hyperlipidemic rabbits [193] .
Endothelial markers of pathologies have been targeted also with iron oxide nanoparticles (e.g., vascular adhesion molecule-1 (VCAM-1) and E-Selectin, which play a critical role in the leukocyte-endothelial adhesion taking place during inflammatory phenomena). A peptide binding VCAM-1 and conjugated to nanoparticles has allowed the detection of cells expressing this adhesion molecule in acute inflammatory and atherosclerotic in vivo mouse models [18] . Expression of E-selectin has been imaged in an in vivo model by labeling cytokine (interleukin-1 )-stimulated human umbilical vein endothelial cells (HUVECs) with iron oxide nanoparticles conjugated to a high affinity anti-human Eselectin antibody fragment [194] .
Iron Oxide Nanoparticles as Molecular MRI Probes
The targeting of cell surface molecules with iron oxide nanoparticles has also been reported [18, 143] . The Her-2/Neu receptor expressed by breast cancer cells has been MR imaged with prelabeled cells incubated with the adequate monoclonal antibody and subsequently with streptavidinconjugated iron oxide nanoparticles [18] . After incubation with a biotinylated pan T-cell anti-CD5 antibody, peripheral lymphocytes have been labeled in vitro, mainly extracellularly, using streptavidin-coated MPIO [195] . To target apop-totic cells, iron oxide nanoparticles have been conjugated to molecules recognizing phosphatidylserine, such as the C2 fragment of synaptotagmin or annexin-V [18, 143] .
In a recent work, a cationic transfection agent (protamine sulfate) conjugated to annexin-V has been used to decorate anionic citrate-coated iron oxide nanoparticles (VSOP) through electrostatic interactions. The obtained targetspecific nanoparticle has been successfully tested on apoptotic human lymphoblastic T cell (Jurkat) cultures and its small size (~15 nm) is interesting for in vivo applications since it allowed them to extravasate to reach their target [196] .
To target endothelial markers of inflammation, anti-VCAM-1 antibodies have been conjugated to MPIO, allowing an in vivo detection of VCAM-1 expression in a mouse model of acute brain inflammation [197] . MPIO conjugated to both anti-P-selectin and anti-VCAM-1 antibodies were shown to bind to the endothelium of the atherosclerosispresenting aortic root of mice. MRI detection of the particles has been however only possible ex vivo [198] . Using a method based on the well-known ELISA (enzyme-linked immunosorbent assay), the specificity of integrin-targeted USPIO (conjugated to the connecting segment-1 fragment of fibronectin, the peptide GRGD, or a non-peptidic RGD mimetic) has been quantitatively evaluated by MRI on stimulated Jurkat cells [6] . A synthetic mimetic of sialyl-Lewis X (sLe X , E-selectin's natural ligand), covalently bound to the dextran coating of USPIO, has been successfully tested on HUVECs expressing E-selectin after stimulation with the cytokine tumor necrosis factor-alpha (TNF-alpha) [7] (Fig.  (7) ). Fig. (7) . Axial spin echo T 2 -weighted MR Image of HUVECs (2x10 7 cells/ml in 2% gelatin). 1: TNF-stimulated + 4 mM USPIO-g-sLe x , 2: unstimulated + 4 mM USPIO-g-sLe x , 3: TNFstimulated + 4 mM ungrafted USPIO, 4: unstimulated + 4 mM ungrafted USPIO.
CONCLUSIONS
Iron oxide nanoparticles have been used for many years in the MRI field of biomedical research. Basically, two categories of particles, originally used as intravenously-injected MRI contrast agents, can be discriminated based on their overall size. Larger ones were approved for liver imaging since their Kupffer cell uptake occurs after a short circulation time. Smaller ones, having an ability to partially escape this early hepatic clearance mechanism, can undergo macrophage uptake in less accessible areas. The circulation time properties of a particle are related to the following parameters: the smaller its size, the more neutral and hydrophilic its surface, the longer it remains in the blood [136] .
The way in which these smaller and larger particles are used in the cellular magnetic labeling field roughly reflects the properties they have in the blood stream. Larger particles or particles displaying a non-neutral surface (thanks to their coating or to a transfection agent they are mixed with) are efficient tools for magnetic labeling of cultured cells, although these cells have no professional phagocytic function. Labeled cells can then be transplanted and monitored by MRI in a broad spectrum of applications. Direct in vivo magnetic labeling of cells is mainly (but not exclusively) performed by intravenous injection of long-circulating iron oxide-based MRI contrast agents, which can extravasate and/or undergo an uptake by macrophages in a sufficient amount in areas of interest such as inflamed regions or tumors. Particles with long circulation times (i.e., USPIO, VSOP), or able to induce a strong T 2 * effect individually (e.g., MPIO) have been modified also by conjugation to a ligand, so that their cellular uptake, or at least their binding to the cell surface, could occur through a specific ligandreceptor interaction, in vivo as well as in vitro. Thus, experimentally as well as in a few trials on humans, iron oxide particles currently find promising applications.
